Patients with scleroderma (SSc)-associated pulmonary arterial hypertension (PAH) have worse survival than patients with idiopathic PAH (IPAH). We hypothesized that the right ventricle (RV) adapts differently in SSc-PAH versus IPAH. We used cardiac magnetic resonance imaging (cMRI) and hemodynamic characteristics to assess the relationship between RV morphology and RV load in patients with SSc-PAH and IPAH. In 53 patients with PAH (35 with SSc-PAH and 18 with IPAH) diagnosed by right heart catheterization (RHC), we examined cMRIs obtained within 48 hours of RHC and compared RV morphology between groups. Regression analysis was used to assess the association between diagnosis (IPAH vs. SSc-PAH) and RV measurements after adjusting for age, sex, race, body mass index (BMI), left ventricular (LV) mass, and RV load. There were no significant differences in unadjusted comparisons of cMRI measurements between the two groups. Univariable regression showed RV mass index (RVMI) was linearly associated with measures of RV load in both the overall cohort and within each group. Multivariable linear regression models revealed a significant interaction between disease type and RVMI adjusting for pulmonary vascular resistance (PVR), age, sex, race, BMI, and LV mass. This model showed a decreased slope in the relationship between RVMI and PVR in the SSc-PAH group compared with the IPAH group. RVMI varies linearly with measures of RV load. After adjusting for multiple potential confounders, patients with SSc-PAH demonstrated significantly less RV hypertrophy with increasing PVR than patients with IPAH. This difference in adaptive hypertrophy may in part explain previously observed decreased contractility and poorer survival in SSc-PAH.
Pulmonary arterial hypertension (PAH), or group 1 disease of the World Health Organization (WHO) classification of pulmonary hypertension (PH), is defined by a mean pulmonary artery pressure (mPAP) ≥25 mmHg and pulmonary vascular resistance (PVR) ≥3 Wood units in the absence of significant left-sided disease (pulmonary capillary wedge pressure [PCWP] ≤15 mmHg), parenchymal lung disease, or chronic thromboembolic disease. 1 PAH includes, among other entities, idiopathic PAH (IPAH) and PAH associated with connective tissue diseases (CTDs); scleroderma (SSc), a heterogeneous disease characterized by dysfunction of the endothelium, dysregulation of fibroblasts, and abnormalities of the immune system, leads to progressive fibrosis of the skin and internal organs and is the most common CTD associated with PAH. 1 SScassociated PAH (SSc-PAH) occurs in 8%-12% of all cases of SSc and, along with interstitial lung disease, represents the leading cause of mortality in this disease. [2] [3] [4] Despite having similar measures of right ventricular (RV) load, 5, 6 patients with SSc-PAH have worse survival and poorer response to treatment compared with patients with IPAH. 7, 8 In investigating this apparent paradox, we and others have shown that RV function differs between SSc-PAH and IPAH and strongly predicts survival, indicating the importance of the RV in maintaining adequate cardiac output (CO) in the face of increased RV load. [9] [10] [11] Recent work from our group has investigated direct measurements of RV contractility using pressure volume loops in the RV to compare IPAH with SSc in patients with and without PH. 12 In this study, we found the ratio of end-systolic elastance to effective arterial elastance, a measure of RV-pulmonary arterial coupling, to be significantly decreased in patients with SSc and PAH as compared with patients with IPAH and patients with SSc without PAH. These data strongly suggest differences in RV intrinsic contractility between patients with IPAH and patients with SSc-PAH that become apparent in the setting of an increased afterload. Because SSc is characterized by endothelial dysfunction and microvascular disease, we hypothesized on the basis of microvascularmyocyte imbalance that patients with SSc-PAH, compared with patients with IPAH, may display maladaptive RV hypertrophy as assessed by RV mass in response to increased pulmonary vascular load.
Although echocardiography is a useful screening modality in pulmonary hypertension, cardiac magnetic resonance imaging (cMRI) has been an increasingly valuable tool in assessing cardiac morphology and function and in determining prognosis in PAH. 13, 14 Echocardiography is an operator-dependent and two-dimensional method that relies on geometric assumptions for volume and mass calculations. In addition, results are highly dependent on patient and probe position, which is variable between patients. 15, 16 cMRI provides a true three-dimensional image and is considered the gold standard, with no operator dependence or dependence on optimal imaging windows. Therefore, we used cMRI to test our hypothesis and assess the relationship between RV mass and RV load in two distinct PAH disease states: SSc-PAH and IPAH.
METHODS
This prospective study was Health Insurance Portability and Accountability Act compliant and was approved by the institutional review board at Johns Hopkins Hospital. We performed a crosssectional analysis of prospectively gathered data from a cohort of 53 patients with SSc-PAH and IPAH. Eighteen patients received a diagnosis of IPAH. Of these 18 patients, 1 patient with known IPAH had a PCWP of 16 at the time of right heart catheterization (RHC). This was attributed to septal interdependence in the setting of significant volume overload. Another patient had a confirmed diagnosis of IPAH but had achieved normalized mPAP (<25 mmHg) with medication at the time of a repeat RHC. Patients were excluded if they had no PH, did not have WHO group 1 PAH, had renal or hepatic failure, and/or had decompensated heart failure that would preclude stability for cMRI. Patients underwent RHC and cMRI within 48 hours of each other.
RHC acquisition
The following hemodynamic data were collected: right atrial pressure (RAP), mPAP, CO, PCWP, and mixed venous oxygen saturation. Additional measurements that were calculated included PVR ¼ ðmPAP À PCWPÞ=CO, estimated pulmonary arterial compliance (C PA ; stroke volume/pulmonary pulse pressure), cardiac index (CI; CO/body surface area), and RV stroke volume index (stroke volume/body surface area). RV load parameters assessed were mPAP, PVR, and C PA . cMRI acquisition cMRI imaging was performed on a 3-T MRI system (Magnetom Trio, Siemens Healthcare, Erlangen, Germany). cMRI protocol in-cluded breath-hold cine short-axis and four-chamber images with retrospective gating at 3-T using a body coil array.
Cine short-axis images. 
Image analysis
Assessment of the RV function with three-dimensional measures was performed using contiguous short-axis cine images covering the entire RV and LV. The RV and LV epicardial and endocardial ventricular borders were manually contoured in end systole and end diastole for functional analysis by Simpson's method. Ejection fraction was calculated for RV and LV. RV and LV mass were measured according to the following equation: ventricular mass ¼ 1:05 (epicardial volume À endocardial volume). The interventricular septum was excluded from the RV mass and included in the LV mass. Functional parameters were normalized to body surface area; these included end-diastolic and end-systolic volumes, stroke volume, CO, and ventricular mass. RV mass index (RVMI), RV end-diastolic volume index (RVEDVI), and volume mass index (VMI) were chosen as measures of RV remodeling on the basis of earlier literature demonstrating associations between changes in these parameters and increases in RV afterload. 13, 17, 18 The RV is expected to hypertrophy in response to increased afterload on the basis of the law of Laplace; however, because no validated description of patterns of cMRI-assessed RV hypertrophy in PAH exists, RVMI serves as a surrogate for RV hypertrophy. Similarly, increases in RVEDVI are associated with decreased RV function, whereas VMI, the ratio of RV mass to LV mass, increases in response to RV afterload, reflecting relative increases in RV mass. VMI was calculated from the RV and LV mass in diastole: VMI ¼ RV mass=LV mass.
Statistical analysis
Statistical analysis was performed with STATA/IC software (vers. 12.1, College Station, TX). Variables were summarized using mean AE 95% confidence interval. Wilcoxon ranked sum test was used to compare means between groups. Categorical variables were summarized and compared using the χ 2 statistic. Univariable linear regression was used to assess the association between cMRI measurements as the outcome and RV load. Collinearity was assessed by variance inflation factors, and variables were excluded from multivariable models based upon demonstration of collinearity. Multivariable linear regression (MLR) was used to assess the relationship between cMRI measurements as the outcome and RV load (mPAP, PVR, C PA ), age, sex, race, body mass index (BMI), end-diastolic LV mass index, and disease Note: All data are mean values unless otherwise indicated. SSc-PAH: scleroderma-associated pulmonary arterial hypertension; IPAH: idiopathic pulmonary arterial hypertension; RV: right ventricular; RVEDV: right ventricular end-diastolic volume; RVEF: right ventricular ejection fraction; RVSV: right ventricular stroke volume; RV CO: right ventricular cardiac output; TAPSE: tricuspid annular plane systolic excursion; VMI: ventricular mass index. Note: Data are no. (%) of patients, unless otherwise indicated. SSc-PAH: scleroderma-associated pulmonary arterial hypertension; IPAH: idiopathic pulmonary arterial hypertension; SD, standard deviation; BMI: body mass index, calculated as weight in kilograms divided by the square of height in meters; PAH: pulmonary arterial hypertension; WHO: World Health Organization; RAP: right atrial pressure; mPAP: mean pulmonary artery pressure; PCWP: pulmonary capillary wedge pressure; CO: cardiac output; CI: cardiac index; PVR: pulmonary vascular resistance; C PA : pulmonary artery compliance. state (IPAH vs. SSc-PAH) as predictors. Predictors were selected on the basis of earlier studies demonstrating significant associations between these parameters and MRI measures of RV structure. 19, 20 Outcomes were assessed for normality of distribution and transformed as necessary to meet the assumptions of MLR. Interaction models assessing whether the relationship between RVMI and RV load differed by disease state were created on the basis of the results of MLR models; a P value <0.10 was considered significant for these analyses. 21 
RESULTS

Patient demographic characteristics
Comparing the clinical characteristics of the two cohorts, several differences were found (Table 1) . Although patients with SSc-PAH were significantly older and less likely to be obese than the patients with IPAH, there were no significant differences in the sex or race distribution between cohorts. Patients with SSc-PAH were more likely to be treatment naive, whereas all patients with IPAH were receiving treatment at the time of RHC. Patients with SSc-PAH had worse functional status at the time of catheterization, with more patients experiencing WHO functional class 3 or 4 symptoms (53% and 28% for SSc-PAH and IPAH, respectively; P ¼ 0:005).
Hemodynamic measurements
Invasive hemodynamic measurements differed minimally between the two groups ( Table 2) . On average, patients with SSc-PAH tended to have a lower mPAP and had significantly lower CO than their IPAH counterparts. However, CI did not differ between the two groups, suggesting that body size accounted for the observed difference in CO. Moreover, RV load as assessed by PVR and C PA did not differ between the two groups.
cMRI measurements
There were no significant differences between the unadjusted means of the cMRI measurements between the two groups ( Table 3) .
Patients with SSc-PAH and IPAH had similar RV mass and RV enddiastolic volume when compared as individual measures, indexed to body surface area or indexed to each other as VMI. There was no significant difference in terms of measures of RV function, such as RV ejection fraction (RVEF), RV stroke volume, or tricuspid annular plane systolic excursion (TAPSE).
Univariable linear regression analysis revealed significant relationships between measures of RV load (mPAP, PVR, and compliance) and cMRI measurements of RV mass (RVMI and VMI; Tables 3, 4) . Neither RVMI nor VMI were associated with age, sex, race, BMI, or number of PAH-specific medications that patients were receiving before the cMRI. RVEDVI was not associated with any measures of RV load, age, sex, race, or BMI (Table 5 ). However, there was a positive linear association between RVEDVI and the total number of PAH-specific medications subjects had been exposed to before enrollment. Because there was no association between RV load and RVEDVI, MLR models were not assessed.
Multivariable analysis stratifying by diagnosis revealed that, after adjusting for age, sex, race, and BMI, PVR and LV mass were strongly associated with RVMI, whereas only PVR was associated with VMI in these adjusted models (Tables 6, 7 ). In these stratified analyses, disease state (SSc-PAH or IPAH) seemed to modify the relationship between cMRI measurements and RV load. As shown in figures 1 and 2, the slopes of the relationship between RVMI and RV load and between VMI and RV load visually differed. When examining for interaction between RV load and disease type, a significant association was found for both RVMI and VMI (P value for interaction ¼ 0:04 and 0.03, respectively), suggesting that there was less RV remodeling (as assessed by RVMI and VMI) in patients with SSc-PAH compared with patients with IPAH with increasing PVR. These findings were confirmed in sensitivity analyses Note: Coefficient reported as mean change in predictor per log g/m 2 of right ventricular mass index with 95% confidence interval (CI). mPAP: mean pulmonary artery pressure; PVR: pulmonary vascular resistance; C PA : pulmonary artery compliance; BMI: body mass index, calculated as weight in kilograms divided by the square of height in meters; PAH: pulmonary arterial hypertension. Note: Coefficient reported as mean change in predictor per log unit change in ventricular mass index with 95% confidence interval (CI). mPAP: mean pulmonary artery pressure; PVR: pulmonary vascular resistance; C PA : pulmonary artery compliance; BMI: body mass index, calculated as weight in kilograms divided by the square of height in meters; PAH: pulmonary arterial hypertension. that excluded two subjects with IPAH who did not meet strict criteria for PAH, as noted in the "Methods" section.
DISCUSSION
In this study, we examined the relationship between RV morphology and pulmonary vascular mechanics in patients with PAH, specifically focusing on the relationship between measures of RV remodeling (RVMI and VMI) and measures of RV load (mPAP, PVR, and C PA ) in subjects with IPAH and SSc-PAH. We hypothesized that the RV adapts differently in SSc-PAH compared with IPAH, leading to different RV morphology between the two disease states as assessed by cMRI. We found that the relationship between RV remodeling and RV load was modified by disease state, because patients with SSc-PAH demonstrated significantly less RV hypertrophy with increasing PVR after adjusting for differences in RV load, age, sex, race, BMI, and LV mass.
The response of the RV to increased load is the primary determinant of outcome in PAH. 22 Earlier cohort studies have demonstrated improved outcomes in adult patients with PAH related to Eisenmenger syndrome (ES) compared with patients with IPAH and have attributed this improved survival in part to better adaptation of the RV, evidenced by hypertrophy and increased RV mass. [23] [24] [25] [26] Similarly, Rich and colleagues 27 have noted differences in RV size and morphology when contrasting the postmortem RVs of a long-term survivor and a short-term survivor with IPAH, highlighting the importance of RV hypertrophic response to increased afterload. These observations suggest a potential relationship between RV hypertrophy and outcomes in PAH. However, as shown by van Wolferen and colleagues 13 in a large cohort of IPAH patients, neither RVMI at baseline nor change in RVMI at 1 year of follow-up predicts survival. Thus, other factors are likely involved in the relationship between RV mass and RV function. As shown in a recent study of an animal model of ES, RV adaptation to pressure overload occurs not only through RV hypertrophy but also through increased RV contractility, mediated through the Anrep effect (i.e., slow force contraction leading to proportional increase in ventricular inotropy in response to an increase in afterload) in the RV. 28 Whether this effect is present in patients with PAH or varies by disease type (e.g., ES vs. IPAH vs. SSc-PAH) remains unclear. Furthermore, RV mass may not be the best measure of RV adaptation to increased afterload, because afterload-dependent measures of RV function, such as TAPSE and RVEF, are strongly predictive of survival. [9] [10] [11] To our knowledge, the current study is the first to examine differences in the relationship between RV hypertrophy and after- Note: Coefficient reported as change in predictor per log g/m 2 of right ventricular mass index (RVMI) with 95% confidence interval (CI). SSc-PAH: scleroderma-associated pulmonary arterial hypertension; IPAH: idiopathic pulmonary arterial hypertension; PVR: pulmonary vascular resistance; ED LV mass: end-diastolic left ventricular mass index; BMI: body mass index, calculated as weight in kilograms divided by the square of height in meters. Note: Coefficient reported as mean change in predictor per log mL/m 2 of right ventricular end-diastolic volume index with 95% confidence interval (CI). mPAP: mean pulmonary artery pressure; PVR: pulmonary vascular resistance; C PA : pulmonary artery compliance; BMI: body mass index, calculated as weight in kilograms divided by the square of height in meters; PAH: pulmonary arterial hypertension. load in SSc-PAH and IPAH using cMRI. Patients with SSc-PAH had significantly less increase in RV mass as measured by both RVMI and VMI for a given increase in PVR, even when adjusting for multiple potential confounders (figs. 1, 2) . Because our study is cross-sectional, we are unable to infer that the hypertrophy observed is a direct response to RV afterload. However, the clearly different slopes depicting the relationship between RVMI or VMI versus PVR in patients with SSc-PAH and IPAH suggests a difference in adaptive hypertrophy. Although there were no differences in resting hemodynamic measures or RVEF, whether this difference in RV remodeling is accompanied by other intrinsic changes in RV function is unknown. RV pump function is not yet well enough understood to classify hypertrophic changes as adaptive or maladaptive. Preliminary work from our group does not demonstrate a relationship between wall thickness and RV contractility measured using pressure-volume loops, despite showing relatively strong relationships between wall thickness and afterload. 29 However, earlier work has suggested that intrinsic RV function may differ between patients with SSc-PAH and patients with other forms of PAH. 12, 30 Specifically, studies using pressure volume loop measurements have shown differences in RV contractility and in mechanical coupling between the RV and the pulmonary artery in SSc-PAH, compared with IPAH. 12 Still, the etiology of this uncoupling remains unclear, although differences in adaptive hypertrophy could explain this discrepancy.
Of note, RV end-diastolic volume was not associated with RV afterload. This finding was surprising, because increasing RV enddiastolic volume has been shown to correlate with poor survival. 17 Presumably, this relationship to outcome is through failure of RV contractility and RV compensation for increased RV afterload. The lack of correlation between RV afterload and RV end-diastolic volume may be explained by heterogeneity of intrinsic RV function in our cohort allowing for differential adaptation to elevated RV afterload. However, regression analysis stratified by diagnosis also re-vealed no correlation between RV end-diastolic volume and measures of afterload.
Limitations
Our study is limited by its cross-sectional nature; thus, it is difficult to assess causality or, more importantly, the temporal nature of the phenomena observed. Whether the findings imply differences in the rate of hypertrophy or progression of increasing vascular load is unanswered. We did not examine qualitative differences in RV hypertrophy between groups. Unlike in the LV, where hypertrophic responses have been well-defined using echocardiography, adaptive and maladaptive RV hypertrophic responses are not well defined. 22, 31 Because RV hypertrophy can be inhomogeneous, measures of gross RV mass do not distinguish between functionally Note: Coefficient reported as change in predictor per log unit change in ventricular mass index (VMI) with 95% confidence interval (CI). SSc-PAH: scleroderma-associated pulmonary arterial hypertension; IPAH: idiopathic pulmonary arterial hypertension; PVR: pulmonary vascular resistance; ED LV mass: end-diastolic left ventricular mass index; BMI: body mass index, calculated as weight in kilograms divided by the square of height in meters.
adaptive hypertrophy and maladaptive hypertrophy. However, our results indicate that measures of RV mass (RVMI and VMI) are linearly associated with multiple measures of RV load. This supports the hypothesis that RV hypertrophy occurs in response to increased load. Moreover, our study supports the notion that disease state modifies the relationship between RV load and RV hypertrophy. We believe this to be valid despite the significant difference in treatment status between groups at time of enrollment in the study. Earlier investigations of PAH-specific therapies have shown reduction in RV mass after several months of therapy. 32, 33 Thus, the IPAH cohort in our study would be more likely to have lower RV mass and, therefore, less likely to demonstrate differences in the relationship between RV hypertrophy and afterload when compared with the SSc-PAH cohort. However, we found clear differences in this relationship between these two groups.
Conclusions
In this cohort of patients with PAH, we found a significant positive relationship between measures of RV morphology on cMRI and invasively measured RV afterload. Furthermore, after adjusting for differences in age, sex, race, BMI, and LV mass, we found that patients with SSc-PAH demonstrate less increase in measures of RV mass with increasing PVR than do patients with IPAH. This suggests a difference in adaptive hypertrophy in patients with SSc-PAH compared with patients with IPAH, which we postulate may contribute to the poor survival associated with SSc-PAH. 
